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F1-ATPase, the catalytic sector of Fo-F1 ATPases–ATPsynthases, displays an apparent negative cooperativity for ATP hydrolysis at high
ATP concentrations which involves noncatalytic and catalytic nucleotide binding sites. The molecular mechanism of such cooperativity is
currently unknown. To get further insights, we have investigated the structural consequences of the single mutation of two residues: Q173L in
the a-subunit and Q170Y in the h-subunit of the F1-ATPase of the yeast Schizosaccharomyces pombe. These residues are localized in or near
the Walker-A motifs of each subunit and their mutation produces an opposite effect on the negative cooperativity. The hQ170 residue (M167
in beef heart) is located close to the binding site for the phosphate-Mg moiety of the nucleotide. Its replacement by tyrosine converts this site
into a close state with increased affinity for the bound nucleotide and leads to an increase of negative cooperativity. In contrast, the aQ173L
mutation (Q172 in beef heart) abolishes negative cooperativity due to the loss of two H-bonds: one stabilizing the nucleotide bound to the
noncatalytic site and the other linking aQ173 to the adjacent hT354, localized at the aDP–hTP interface. The properties of these mutants
suggest that negative cooperativity occurs through interactions between neighbor a- and h-subunits. Indeed, in the beef heart enzyme, (i) the
aDP–hTP interface is stabilized by a vicinal aR171–hD352 salt bridge (ii) hD352 and hT354 belong to a short peptidic stretch close to
hY345, the aromatic group of which interacts with the adenine moiety of the nucleotide bound to the catalytic site. We therefore propose that
the hY345–hT354 stretch (beef heart numbering) constitutes a short link that drives structural modifications from a noncatalytic site to the
neighbor catalytic site in which, as a result, the affinity for ADP is modulated.
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1. Introduction sites that are located at the interfaces of a- and h-subunits.The ATPase–ATPsynthase (or Fo–F1 complex) regener-
ates ATP fromADP and Pi in energy-transducing membranes
[1]. The F1 sector separated from the Fo moiety conserves its
ability to hydrolyze ATP. The tridimensional structure of the
mitochondrial beef heart F1was established at a 2.8-A˚ reso-
lution byAbrahams et al. [2] in 1994 and later refined to 2.4 A˚
[3]. That of liver F1 has been established at a 3.6-A˚ resolution
by Bianchet et al. [4]. The F1-ATPase subunits are organized
in three ah couples (Fig. 1) with the g-subunit deeply
anchored in the middle. It contains six nucleotide-binding0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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jault@dsvsud.cea.fr (J.-M. Jault).Three nucleotide-binding sites are noncatalytic as they ex-
change poorly their bound nucleotides. They are mainly
located on the a-subunits and are loaded with AMPPNP in
the initial crystal [2]. The three other nucleotide-binding sites,
which are catalytic, are essentially located on the h-subunits.
They are differently loaded in the crystal: the hE site is empty
while thehTP and thehDP sites contain one AMPPNP and one
ADP, respectively [2]. Differential loading of the catalytic
sites depends on the structural modification induced by the
rotation of the g-subunit and drives the synthesis or hydro-
lysis of ATP [1,5]. This mechanism is consistent with a large
body of evidences showing strong positive cooperativity
between the three catalytic sites [1]. On the other hand,
modulation of the ATPase activity is driven by the non-
catalytic sites as first postulated byDi Pietro et al. [6] and later
demonstrated unequivocally [7–9]. The binding of ATP to
Fig. 1. 3D structure of the beef heart F1-ATPase. Panel A displays the structure of the beef heart F1-ATPase, shown from the top of the subunits (N!C). The a-
subunits are in blue. Each subunit binds one AMPPNP, in magenta, complexed to a Mg, in dark green, when visible. The h-subunits are either in yellow, dark
yellow, or brown when binding either an ADP (colored gray) complexed to Mg, an Mg.AMPPNP-complex, or nothing. The g-subunit is in red. The picture was
created with SPDBviewer v3.7 [26] using the 1COW PDB file. Panel B shows the organization and loading of the catalytic and noncatalytic sites of the F1-
ATPase, located at the interface of the a- and h-subunits. Catalytic sites are mainly located on the h-subunits while the a-subunits carry the noncatalytic sites.
Catalytic sites labeled ‘‘E’’ (for empty), ‘‘DP’’ (for diphosphate), and ‘‘TP’’ (for triphosphate) are empty, loaded with ADP or Mg.AMPPNP (ANP in the
scheme), respectively. Noncatalytic sites bind Mg.AMPPNP complexes. For these sites, the distorting effect of the g-subunit is only visible for the aTP-subunit.
The differential loading of the catalytic sites reflects their conformational and functional state: ‘‘E’’ corresponds to an open state, ‘‘DP’’ to a high-affinity state and
‘‘TP’’ to a low-affinity state [2]. Panel C: Binding change mechanism. During catalysis, the three sites get through the open, DP, and TP states. The DP site
contains ATP produced by the synthesis, the TP site contains ADP + Pi while the open site is empty. Rotation of the g-subunit changes the DP site conformation,
which becomes opened, allowing ejection of ATP. The TP site becomes DP in which substrates are no longer exchangeable. At this time, ATP is spontaneously
formed. For hydrolysis, ATP binds to the open site and is hydrolyzed, as the site adopts a TP conformation. The ADP formed will be ejected by the
conformational change. The release of ADP is the limiting step of hydrolysis, which is characterized by an apparent negative cooperativity. The affinity of this
site for ADP can be either lowered in the presence of activating anions such as bicarbonate or increased in the presence of inhibiting anions such as azide.
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activity of the catalytic sites in the chloroplastic [7], the
mitochondrial [10], and the bacterial enzymes [11]. In addi-
tion, a direct role of the noncatalytic site in the apparent
negative cooperativity of ATPase activity that is observed at
high substrate concentration has been inferred from the
analysis of chemical and genetic modifications in F1-
ATPases [12–16]. It was shown that slow binding of ATP
to noncatalytic sites is responsible for this apparent negative
cooperativity, by stimulating ATPase activity of the catalytic
sites [10,17]. As a matter of fact, F1-ATPases progressively
entrap inhibitory ADP in a catalytic site during turnover [7],
and the binding of ATP to noncatalytic sites relieves this
inhibition by increasing the rate of ADP dissociation [10].
Therefore, strong retention of ADP in a catalytic site during
ATPase activity unmasks the cooperativity of the noncatalyticsites. Accordingly, mutations in the catalytic sites either
increase [15,18–20] or abolish [21] the apparent negative
cooperativity. They may even switch the apparent negative
cooperativity to a positive cooperativity [22]. These results
highlight the occurrence of cross-talk between the catalytic
and noncatalytic sites although they were obtained with
enzymes not necessarily regulated exactly in the same way
due to their different origins. How they relate to the structural
information available on F1-ATPases is currently unknown
and is investigated in the present paper.2. Enzymatic and genetic characterization of functional
mutants
The fission yeast Schizosaccharomyces pombe is less
frequently used in molecular genetics than the budding yeast
Fig. 2. Immunodetection of a- and h-subunits of S. pombe F1-ATPase.
Immunodetection was carried out with mitochondrial membranes prepared
from wild-type (WT) and a-less (A23.13) and h-less (B59.1) strains and
revertants thereof, a (R53.1) and h (R4.3). Mutated strains were originally
obtained by Boutry and Goffeau [23] and reproduced from Ref. [24] with
permission of the editor.
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duce mutants of the nuclear DNA-encoded F1 a and h-
subunits, due to the propensity of F1 mutants to produce the
‘‘petite’’ colonies, characterized by a pleiotropic degenera-
tion of mitochondrial DNA and thus of oxidative phosphor-
ylation. In contrast, Boutry and Goffeau [23] have shownFig. 3. Double-reciprocal plot of ATP hydrolysis for wild-type and mutated S. po
ATPase from wild-type (A) or R3.51 (B) and R4.3 (C) mutants in the presence
activating anion that suppressed the negative cooperativity of the wild type (nh =that stable F1 mutants can be produced in S. pombe as this
yeast is ‘‘petite’’-negative in which no spontaneous mito-
chondrial DNA deletions occur. Indeed, as shown in Fig. 2,
mutants of S. pombe are devoid of the a- (aA23.13 strain)
or h- (hB59.1 strain) subunits, respectively, while the
other F1-subunits are assembled [23]. These mutants did
not grow on glycerol-containing medium, as expected for
dysfunction of oxidative phosphorylation, but grew on
glucose-containing medium by using the fermentative path-
way. Forcing the original mutants A23.13 (a) and B59.1
(h) to grow on a glycerol-containing medium allowed the
isolation of the spontaneous revertants, R3.51 and R4.3,
respectively. These strains recovered the F1-subunit that was
initially absent (Fig. 2) but conserved a lower growth rate on
glycerol than the wild type. Partial alteration of their ATPase
activity indicated that the reversion was not complete.
The revertant strains R3.51 and R4.3 modified in the a-
and h-subunits, respectively, were further analyzed bio-
chemically and genetically. The a-subunit mutation of the
R3.51 F1 ATPase did not affect its hydrolytic velocity but
abolished the negative cooperativity (nh = 1) (Fig. 3B vs. A).mbe F1-ATPases. ATP hydrolysis activity was performed with purified F1-
(closed symbols) or absence (open symbols) of 20 mM bicarbonate, an
0.7). From Refs. [13,18] with permission of the editors.
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ate and was five times less sensitive to azide. In addition, its
Ki for ADP was two times lower than that of the wild type.
The purified wild-type and mutated enzymes each contained
two endogenous (ATP and ADP) nucleotides. Addition of
magnesium led the wild-type enzyme to hydrolyze one
endogenous ATP without ejection of the resulting ADP
(probably loaded in the ‘‘DP’’ site). The same addition of
magnesium to the a-mutated enzyme led to the ejection of
ADP, suggesting a lower affinity for nucleotides [13]. This
decrease of enzyme affinity for ADP could be restored after
partial inhibition by azide. The combined use of a covalent
inhibitor that binds to the regulatory sites (FSBA: 5V-p-
fluorosulfonylbenzoyladenosine) or of a covalent modifier
that binds only to the catalytic sites (FSBG: 5V-p-fluorosul-
fonylbenzoylguanosine) showed that the mutation affects
the interaction of the enzyme with a nucleotide that specif-
ically binds to the regulatory site [16].
The purified F1-ATPase from the h-modified strain was
less stable than that of the wild type. For example, during
purification, the ammonium sulfate precipitation step un-
folded the R4.3 F1-ATPase but not that of wild type [18].
This step was therefore replaced by a gentler precipitation
by polyethylene glycol. Mutation of the h-subunit lowered
the ATP hydrolytic activity to 6% of the wild type. The
modified ATPase exhibited a pronounced negative cooper-
ativity (nh = 0.3), which was suppressed by the addition of
bicarbonate (Fig. 3C vs. A). The mutated enzyme was two
times more sensitive to azide than the wild type. These
effects were accompanied by a higher enzyme affinity for
ADP and the purified complex contained one additional
endogenous ATP compared to the wild-type enzyme [18].
The mutation also increased the affinity for IDP and led to
apparent negative cooperativity in ITP hydrolysis [8].
These data, some of which were published in a review
[24], are in full agreement with the concept of a catalytic role
for the h-subunits and a regulatory role for the a-subunits.Fig. 4. Sequence alignment of a- and h-subunits from different species. Primary s
and chloroplast were aligned with the CLUSTALW software [28] at npsa-pbil.ibc
were obtained from the Swissprot database hosted at kr.expasy.org, considering
#P24487; S. cerevisiæ, ATPA_YEAST, #P07251; beef, #1COW chain A (PD
ATPA_BACP3, #P09219 and maize (chloroplast), ATPA_MAIZE, #P05022. h-sub
[15]); S. cerevisiæ, ATPB_YEAST, #P00830; beef, #1COW chain D (PDB
ATPB_BACP3, # P07677 and maize (chloroplast), ATPB_MAIZE, #P00827. S
residues of S. pombe hQ170 and aQ172, which where mutated and described heThe sequencing of the S. pombe mutants and revertants
established that the B59.1 mutant, devoid of its h-subunit,
resulted from a point mutation transforming the glutamine
codon 170 of the mature h-subunit into a stop codon. The
related R4.3 revertant had a second point mutation in the
same codon transforming the stop codon into tyrosine. This
substitution is located in the a-helix immediately following
the P-loop of the h-subunit that is involved in nucleotide
binding (Fig. 4 and Ref. [15]). In the case of the A23.13
mutant, devoid of a-subunit, a point mutation transformed
the glutamine codon 173 of the mature a-subunit into a stop
codon. The related R3.51 revertant had a second point
mutation in the same codon, transforming the stop into a
leucine codon [25]. This substitution is located in the P-loop
of the a-subunit (Fig. 4).3. Structural consequence of the Q170Y mutation
h-subunits are rather well conserved among the different
species and the glutamine residue 170 of the S. pombe F1h-
subunit is located in a region with an even more pronounced
conservation as shown by sequence alignments displayed in
Fig. 4. Glutamine 170 is, however, not fully conserved. In
over 100 h-subunit sequences from different species, it is
conserved in only 30 sequences (yeast mitochondrial and
bacterial F1) and replaced by methionine in 67 sequences
(chloroplast and higher eukaryote mitochondrial F1 or by a
threonine in other four sequences). This suggests that Q170
does not play a direct role in the binding and hydrolysis of
ATP. Tyrosine and methionine residues are both hydropho-
bic but the tyrosine residue possesses an aromatic ring and is
bulkier than the methionine residue.
The S. pombe hQ170 residue corresponds to M167 in
beef heart, a residue that is located close to the nucleotide-
binding site, the organization of which is displayed in Fig. 4.
The region interacting with either the polyphosphate moietyequences of a- and h-subunits of F1-ATPases from bovine, yeast, bacteria,
p.fr using default parameters (gap penalty = 3, window size = 5). Sequences
the mature forms when indicated: a-subunits: S. pombe, ATPA_SCHPO,
B file); E. coli, ATPA_ECOLI, #P00822; thermophilic bacterium PS3,
units: S. pombe, ATPB_SCHPO, #P22068 (mature form determined in Ref.
file); E. coli, ATPB_ECOLI, #P00824; thermophilic bacterium PS3,
equences are numbered in respect of their mature form. The stars labeled
re. Conserved residues are indicated in bold.
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segments 154–178 and 184–205 (in orange in Fig. 5). In
the absence of nucleotide (Fig. 5A), these segments adopt an
open conformation that closes itself when the nucleotide
binds (Fig. 5B). The segment 184–205 moves toward the
segment 154–178 and slides away from the nucleotide-
binding site. The magnesium (in dark green) stabilizes this
conformation because it interacts, on the one hand, with the
hydroxyl group oxygen of T163 located in the segment
154–178 and, on the other hand, with two water molecules
that create hydrogen bonds between the carboxyl group of
E188 and E192.
Fig. 5C shows that replacement of M167 in the 3D
structure of the beef heart enzyme by a glutamine residue
(corresponding to the wild-type yeast enzyme, see legend of
Fig. 5 for details on modeling) has no obvious effect on
nucleotide binding as the dimension and location of the
lateral chain of both residues are equivalent. In contrast, the
replacement of the methionine residue by a tyrosine, as
illustrated in Fig. 5D, may create an additional hydrophobic
interaction between the aromatic ring of the tyrosine and theFig. 5. Details of the D-structure of the nucleotide-binding site of h-subunits.
Mg.AMPPNHP complex in panels B–D. Panel C and D display the effect of the M
mutation, respectively. Note that the residue replacement was restricted to M167 of
S. pombe h-subunit using the beef one considering the high level of conservation
shown by sequence alignments displayed in Fig. 4—and assuming that the low res
to maintain both positioning and neighbor interactions of these critical residues. S
polyphosphate moiety of the nucleotide and magnesium, are in orange. Magnesium
in spacefill and, for clarity, the water molecule in the front is shown with dots. Ea
SYBIL v2.65 software. Pictures were created with Rasmol V2.6 [27].methyl group of the T163. Moreover, it allows hydrogen
bonding between the hydroxyl group of the tyrosine and the
oxygen of the carbonyl group of E192. Both interactions
would strongly stabilize a conformation in which the nu-
cleotide is bound. Consequently, the rate of ADP release
from the catalytic site should slow down and thereby
decrease the hydrolytic activity, as indeed observed for this
mutant.4. Structural consequence of the Q173L mutation
F1-ATPase a-subunits are also very well conserved
among the different species and the S. pombe a-subunit
residue Q173 belongs to a region fully conserved as
shown in Fig. 4, included in the Walker A-motif also
called ‘‘P-loop’’ (GXXXXGKT or GDRQTGKT in the a-
subunit) involved in the binding of the polyphosphate
moiety of the magnesium–nucleotide complex. S. pombe
aQ173 corresponds to residue Q172 in beef heart, which,
as shown in Fig. 6A and its legend, is located in a regionThe h-subunit is shown in its empty state in panel A or binding one
167Q replacement (beef heart! S. pombe wild type) and that of the Q167Y
the beef heart subunit using the 1COWand not done by modeling the whole
of the h-subunits—even more pronounced in the region of the mutation as
idue variability around the critical substituted Gln residue should contribute
egments comprising residues 154–178 and 184–205, interacting with the
is in dark green. Water molecules associated with the metal are represented
ch structure was minimized by using the original 1COW PDB file and the
Fig. 6. Structural consequence of the Q172L mutation of the a-subunit.
Panels A and B display the region comprising the P-loop of the a-subunit
and the neighboring h-subunit for the wild-type and aQ172L mutated
enzymes. a- and h-subunits are in green and yellow, respectively.
Interacting segments a167–175 and h352–256 are drawn with thick
lines. aD269 interacts with magnesium. aQ172 is involved in two
hydrogen bonds: one between a proton (not shown) of the NH2 group of the
lateral chain (NE) and the oxygen atom O3 of the g phosphate and another
between the oxygen atom (OE) of the carbonyl group of the lateral chain
and the proton (not shown) of the hydroxyl group (OG) of hT354 of the h-
subunit. aR171 forms a salt bridge with hD352 of the h-subunit.
Replacement of glutamine 172 by leucine in panel B was carried out with
the 1COW PDB file and using SYBIL v2.65 software. Comparison of this
structure with the same devoid of nucleotide (a-subunit of the thermophilic
bacteria PS3, PDB file 1SKY) suggests that the nucleotide binding barely
modifies the organization of the domain (not shown). The pictures have
been created with Rasmol V2.6 [27].
Fig. 7. Interaction of a- and h-subunits in the proximity of the noncatalytic
site. Panels A and B display the interface between aDPhTP and aTPhE
couples, referring to CF and BE couples shown in Fig. 1B, respectively.
The region of h-subunit corresponding to the Walker A motif is shown in
thick yellow line. Residue hY345 that is close to the base of the nucleotide
bound to the catalytic site is shown in thick wire frame. Region h345–354
that could act as a signal-transmission axis is shown in thick line and is in
orange. Pictures were created with Rasmol V2.6 [27] and using the 1COW
PDB file.
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otide through an H-bound between its amine group and an
oxygen atom of the phosphate g. It interacts also with
residue hT354 of the neighbor h-subunit through another
H-bound with the hydroxyl group of the lateral chain of
tyrosine. Replacement of Q172 by a leucine would have
several structural consequences (Fig. 6B) responsible for
the loss of negative cooperativity. The mutation would
increase the local hydrophobicity, which is probably weak
in this interface fully accessible to solvent. More impor-
tant would be the disappearance of the two hydrogen
bonds resulting in decreased the affinity for the nucleotideas well as for the 352–356 region of the h-subunit
through the hT354 residue.5. A structural basis for negative cooperativity
From the results described above, one may correlate the
increase in nucleotide affinity to the increase of negative
cooperativity that occurs by modifying the catalytic site as
indeed observed in the hQ170Y mutant. It is, however,
less obvious to understand how a mutation located within
a noncatalytic site born by an a-subunit can modulate the
affinity of a nucleotide for the catalytic site of a neigh-
boring h-subunit. The 3D structure of the beef F1-ATPase
displayed in Fig. 1 shows that such a communication
might occur through interactions within ah couples form-
ing either catalytic sites (aEhE, aDPhDP, and aTPhTP) or
noncatalytic sites (aDPhTP, aTPhE, and aEhDP) (see Fig.
P. Falson et al. / Biochimica et Biophysica Acta 1658 (2004) 133–140 1391B). The second possibility is more plausible and it allows
us to propose that a structural alteration in a noncatalytic
site modifies the properties of a catalytic site as described
below.
Fig. 6A shows that residues R171 and Q172 of the
noncatalytic site of the aDP-subunit can interact with resi-
dues 352 and 354 of the neighboring hTP-subunit, aR171,
creating a salt bridge with hD352 while aQ172 creates a
hydrogen bond with hT354. Such strong interactions that
stabilize the system and confer interactivity of aDP with hTP
thus constitute a structural key feature that allows negative
cooperativity. Binding of a nucleotide to the noncatalytic
site is another key feature of cooperativity [13,14,17,25].
Stabilization of the nucleotide by hydrogen bonding to
aQ172 is thus pivotal to the cross-talk between a- and
h-subunits.
Quite interestingly, as shown in Fig. 7A, residues
h352–354 are located on the same arm than hY345, a
residue that interacts with the adenine moiety of the
nucleotide bound to the catalytic site. The pivotal role of
hY345 in the apparent negative cooperativity has been
pointed out by studies on PS3 mutants that switched the
cooperativity from a negative to a positive one [22].
Therefore, the correct positioning of hY345 with respect
to the bound diphosphate is a prerequisite step in the
mechanism of cooperativity between the catalytic and
noncatalytic sites. In this context, the h345–354 region
provides a direct and short link between the two sites and
constitutes the second key feature that might drive the
information from the noncatalytic to the catalytic sites, and
reciprocally. This hypothesis is reinforced by the observa-
tion that, at the aTPhE couple level, when there is no
nucleotide bound to the catalytic site, both the salt bridge
between aR171 and hD352 and the hydrogen bond
between aQ172 and hT354 are no longer formed, as a
result of the conformational change of the h-subunit (Fig.
7B). This indicates that these interactions are optional,
depending on the conformational state of the subunits and
their nucleotide-loaded state.
In conclusion, although the available structures only give
a snapshot of the catalytic mechanism of F1-ATPase, its
scrutiny combined with the biochemical and genetic prop-
erties of the S. pombe F1 mutants allows us to propose a
structural basis to explain the cooperativity between cata-
lytic and noncatalytic sites. Binding of a nucleotide to the
noncatalytic site would contribute to stabilize a conforma-
tion of the catalytic site that lowers the affinity of this site
for the diphosphate nucleoside. This cooperative effect
between the catalytic and noncatalytic nucleotide-binding
sites could possibly be transmitted through the h345–354
region and stabilized by electrostatic interactions between
aR171-hD352 and aQ172-hT354.
The above analysis validates reinvestigation of the S.
pombe F1-ATPase and in particular further isolation of
mutants modified in the h345–354 stretch that should allow
to test our proposed mechanism.Acknowledgements
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